Because organic electronics suffer from degradation inducing oxidation processes, oxygen tolerant organic molecules could solve this issue and be integrated to improve the stability of devices during operation. In this work, we investigate how lutetium double-decker phthalocyanine (LuPc 2 ) reacts towards molecular oxygen and we report microscopic details of its interaction with LuPc 2 film by combining X-ray Photoemission Spectroscopy, Near Edge X-ray Absorption Fine Structure Spectroscopy and Density Functional Theory. Surprisingly, LuPc 2 molecules are found to weakly physisorb below 120 K and appear rather inert to molecular oxygen at more elevated temperatures. We are able to draw a microscopic picture at low temperature in which oxygen molecules stick on top of the pyrrolic carbon of LuPc 2 . Our work sheds light on a class of semiconducting molecules, namely double-decker phthalocyanines, that present a high tolerance towards molecular oxygen, opening promising perspectives for the design of stable materials to be applied in the next generation of organic based electronic devices operating under ambient conditions.
Introduction
Recently, devices based on organic electronics have attracted a lot of attention both on the market and in the research laboratories. [1] [2] [3] Their advantages versus the inorganic silicon based devices are multiples: they are cheap, flexible, and they offer almost infinite tayloring possibilities making these devices ideal for large scale implementation in urban areas.
Among the organic materials used both for research and for devices application, one of the most interesting is represented by phthalocyanines (Pcs) and their derivatives. They are thermally stable, and present interesting electronic and optical properties. For instance, copper phthalocyanine, known as p-type semiconductor, has been extensively studied in organic light-emitting diode (OLED) or in organic photovoltaic cells. [4] [5] [6] One of the major drawbacks that hinders phthalocyanine based materials from taking over the market, is their 2 reduced lifetime originating from photobleaching, exposure to elevated temperature (in the range of 70-100
• C) or exposure to reactive gases or radiation. In particular the exposure towards atmospheric gases can cause many different problems as reactivity, 7, 8 and even polymerization of the organic material in presence of oxygen at operating temperatures.
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In the case of phthalocyanine few studies have been published on its reactivity towards gases as O 2 on FePc, 10 NO 2 on CuPc 11 and NO on CoPc, 12 all evidencing that the reaction takes place on the central metallic cation, with the macrocycle only able to increase or decrease this reactivity by modifing the molecular orbitals. 13 A study on the reactivity of metal free naphthalocyanine towards oxygen was presented by Ottaviano et al.
14 who found that the reaction takes place on the azabridge nitrogen atoms which are saturated by H in metal-free phthalocyanine and derivatives; the two hydrogens are dislodged by the oxygen molecules binding to the phthalocyanine. Also studies on the interaction between single decker phthalocyanine and transition metal oxide surface were performed. For example, the investigation from Glaser et al. 15 showed a charge transfer from the MnO substrate to the CoPc overlayer, and a subsequent shift of the Co 2p towards lower Binding Energy (BE)
due to the rehybridization of the Co and MnO orbitals, while no modifications were seen on the N and C 1s spectra. Liu and coworkers 16 showed instead that deposition of FePc over MoO x led to oxidation of the metallic centre. All these works evidenced that the crucial location for the molecular reactivity lies on the central cation (or the N atoms saturated by hydrogens in the case of metal free Pcs). The central metallic cation has a dominant role in the charge redistribution during the charge transfer process 17 and therefore influences the charge carriers mobility.
To improve the stability of phthalocyanine based organic devices, a class of molecules that would naturally prevent the above mentioned reaction mechanism on the cation, is represented by double-decker phthalocyanine. The geometry of LuPc 2 is shown in Figure 1 , the coordination sphere of the central Lu 3+ cation is saturated by the eight pyrrolic nitrogen atoms. This saturation should prevent the central ion from reacting, making of this class of phthalocyanine a promising alternative to the widely used single decker ones. Only few studies were published on the reactivity of double-decker phthalocyanines [18] [19] [20] and mostly from a device point of view. For example the study of the conductivity before and after the exposition to highly oxidizing gases showed at first an increase of the conductivity due to the partial oxidation of the film 18 which produced an increased hopping possibility caused by the increased number of accepting molecules. A further oxidation led then to a decrease in conductivity, due to the increased fraction of oxidized molecules, and therefore a reduced number of accepting sites.
So far very little is known about the microcopic molecular processes leading to such reactivity; in the present study, we propose to adress this issue by investigating the reactivity of LuPc 2 thin films towards molecular oxygen at low temperature. Surface spectroscopies as X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) are the perfect tools to reveal the intimate mechanisms, as they guarantee great surface sensitivity (i.e. only the top few layers are probed), chemical selectivity and site specificity as well as information about the charge redistribution after the reaction. By combining experimental techniques and advanced Density Functional Theory (DFT) simulations, we were able to define precisely the location and energy adsorption of O 2 molecules on LuPc 2 .
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Experimental and/or Theoretical Methods
The experiment was performed at the beamline D1011 in MAX IV Laboratory in Lund at the front station. 21 The D1011 beamline is a bending magnet beamline which allows a flux of 10 10 -10 11 linearly polarized (85%) photons·s −1 . The endstation is composed of two chambers: a preparation chamber and an analysis chamber. In both chambers the base pressure was in the low 10 −10 mbar range. The preparation chamber was equipped with an ion gun, an e-beam heating to prepare the sample, and Low Energy Electron Diffraction (LEED). The analysis chamber was equipped with electron spectrometer (VG Scienta SES200 concentric hemispheric analyser), electron detector with partial and total electron yield for NEXAFS measurement. Au(111) single crystal was purchased by Surface Preparation Laboratory (SPL). It was cleaned by repeated cycles of sputtering and annealing until no N, C signal was seen in the NEXAFS or in the XPS spectrum. The last annealing was performed at 873 K and slowly cooled to obtain the ( √ 3 × 22) herringbone reconstruction, 22 which was checked by LEED.
LuPc 2 molecules were synthesized as reported in literature. 23, 24 Before the evaporation, the crucible and the molecules were carefully outgassed at 250
• C for several hours to remove the residual H 2 Pc, until the base pressure was recovered. The organic layer was prepared by thermal evaporation of the molecules from a homemade Ta pocket heated by direct current.
Evaporator temperature was kept around 573 K and was measured with a thermocouple coiled around the crucible. During the deposition, the sample was kept at room temperature and the total pressure was kept in the 10 −8 mbar regime for about 30 minutes. The layer was thick enough so that no Au 4f peak was seen with the XPS ensuring a covering of at least 3 nm. The XPS data were collected with pass energy of 100 eV, and the overall resolution was about 0.1 eV. The spectra were recorded with Photon Energy (PE) of 500 eV and 450 eV for N 1s and C 1s spectra respectively. Electrons were collected in normal emission and the BE scale was calibrated on the main C 1s line, which was found at the same BE as previously published, 25, 26 or on Lu 4f which both did not show any shift after oxygen exposure. A mixed Shirley and linear background was subtracted from XPS data, and the data were analysed with IgorPro software and the SPANCF procedure. 27 Voigt curves with fixed Lorentzian FWMH of 0.1 eV and 0.132 eV were used for C 1s and N 1s respectively while the width of the Gaussian curve was left free to vary in the fitting procedure. The intensities have been normalized to unity on the main feature height.
NEXAFS spectra were taken in partial electron yield mode using a channel plate with a retarding voltage of 150 eV and an energy step of 50 meV for the π resonances and 100 meV
for the σ resonances. The resolution E/∆E exceeded 6000 for the N and O K-edge thresholds, 28 equivalent to a resolution of around 50 meV for N K-edge, and 80 meV for O K-edge.
Two polarizations were investigated: in-plane polarization (IPP) for which the polarization E vector of the radiation was nearly parallel to the surface (misalignment of about 4
• ) and out-of-plane polarization (OPP). The photon energy was calibrated at the beginning and at the end of the first N K-edge spectrum with C 1s first and second order, and successive spectra were calibrated on the first π * resonance. The spectra were first divided by the references on clean Au substrate taken at the beginning of the experiment, and then set to 0 below threshold.
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Oxygen with purity >99.995%, purchased by Air Liquid, was introduced through a leak valve in the preparation chamber. During the dose, the pressure was kept in the low 10 −5 mbar.
Density Functional Theory (DFT) was employed to gain insights into the interaction be- one O 2 molecule was investigated in a two steps optimization approach and with several initial geometries. The initial geometries were pseudo-randomly generated with distances between O 2 and LuPc 2 ranging from 2.4 to 3.5Å. Due to symmetry of the LuPc 2 structure, the initial O 2 positions were located at only one of the isoindene rings. In total, 90 initial geometries were generated with O 2 at different sites and with different orientations. Then, preoptimizations were carried out for these structures with an energy cutoff of 300 eV and a low force convergence of 0.03 eV/Å. In step two, the six most stable structures were selected for continuation of their geometry optimization being carried out with an energy cutoff of 500 eV until all forces on the atoms were less than 0.02 eV/Å. The isolated LuPc 2 and the isolated O 2 molecule were also optimized with the latter convergence criteria. For all calculations, the Brillouin zone was sampled at the Γ point only.
The adsorption energy (E ad ) is estimated as total energy difference between the final geometry consisting of one O 2 molecule adsorbed on one LuPc 2 (E LuP c 2 O 2 ) and the total energies of the two separated molecules individually, i.e. the total energies of the optimized single molecules E O 2 and E LuP c 2 , according to
N 1s and C 1s XPS simulations were performed with the modified PAW by Köhler 37 in VASP, which allows to relax the otherwise frozen core states. We chose to compute energy shifts in XPS via a ground state approximation for which we estimate the 1s ionization energy of a state being equal to its computed eigenvalue. In this way, computed 1s XPS signal is, however, a relative measure and only comparable to the same element within the same computational setup while absolute excitation energies cannot be obtained. Nonetheless, relative shifts in photoemission spectra, for example in C 1s, can provide information about chemical environment of atoms and changes of it which makes this approach suitable to study the interaction between LuPc 2 with O 2 and it allows to interpret possible changes in experimental data. We distinguish between two different shifts: i) a shift (∆) due to the chemical bonds within a molecule, e.g., the well-known shift of about 1.3 eV between pyrrolic and benzene C 1s signal (which is well-known for many phthalocyanines 25 from experimental measurements) and ii) a shift (δ) due to adsorption of other molecules like O 2 which is measured at the same atom before and after O 2 adsorption. We also introduce the XP range, that corresponds to the maximal difference computed for the energy position of C 1s or N 1s core levels.
Results and discussion XPS results
Figure 2 presents the experimental XPS spectra of C 1s and N 1s (green dots for spectra (C1) and (N1)) for the as deposited LuPc 2 film, after a dose 3600 L O 2 (spectra (C2) and (N2)) and 90000 L O 2 (spectra (C3) and (N3)) at 90 K, respectively. The N 1s spectrum for the as deposited sample shows a main peak at 398 eV with a single shoulder at higher BE around 399 eV. The C 1s spectrum instead shows a main peak at 284.5 eV with two shoulders at higher BE. In both spectra, a shoulder appears at higher BE next to the main peak after the first oxygen dose of 3600 L (1L = 1 × 10 −6 Torr×1s) (spectra (C2) and (N2)), that increases further after the second dose of 90000 L (spectra (C3) and (N3)). The measurements at 90 K were followed by a warming up to RT that revealed a complete restoration of the XPS spectra for both carbon and nitrogen species (see Supporting Information) and also NEXAFS at the nitrogen K-edge. The original NEXAFS was already retrieved for a temperature around 120 K (not shown), evidencing the weak bonding between the molecular oxygen and the LuPc 2 molecules which affects both C 1s and N 1s. To go further in the analysis of the XPS, spectral components for the N 1s and C 1s peaks have been extracted and are displayed in 
N 1s hν=500eV
Binding Energy (eV) Figure 2 : XPS spectra of C 1s (left) and N 1s (right) for increasing oxygen exposure at 90 K on a LuPc 2 film. For the C 1s level in the pristine film ( Figure 2 spectrum (C1)) the main peak is mostly due to contributions from benzenic carbon found at 284.25 eV. A slight asymmetry is used to take into account for the contribution arising from the two slightly different carbon atoms:
the four linked directly to pyrrolic carbons and the four bound to other benzenic carbon as discussed in ref. 39 The shoulder at higher BE is composed by contributions from pyrrolic carbons at 285.40 eV and shake-up of the benzenic carbon 39 at 286.30 eV. The last shoulder Figure 3 . 
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NEXAFS results
In Figure 4 Bidermane et al. 25 The NEXAFS spectra show a clear dichroism, with the π * (σ * ) resonances dominating in the out of plane (inplane) polarization for the pristine LuPc 2 film.
As the NEXAFS cross section is strongly dependent on the mutual orientation of the light polarization and the final orbital, 29 this is a clear indication that the molecules lie flat on the substrate for this thickness (>3 nm) . The dichroism is conserved after the 90000 L O 2 dose, confirming that the molecules still lie flat after the dose and the almost unchanged intensity ratio between the σ * and π * resonances before and after the deposition is due to a limited rehybridization of the molecular orbitals after interaction with O 2 . After the oxygen dose, a new peak is visible at 399 eV in the IPP geometry and also the intensity of the π resonance at 400 eV, corresponding to the pyrrolic atom, becomes stronger, as clearly seen in Figure 4 (B). The origin of the new feature will be discussed in the next section. Note that the possibility of a reaction with condensed water, atomic oxygen or O 3 (created by the x-ray irradiation) was ruled out thanks to NEXAFS measurement on the oxygen K-edge (see Supporting Information).
From the NEXAFS data, it is possible to evidence that the LuPc 2 molecules lie flat on the surface before and after the oxygen dose, and that a perturbation of the electronic structure is induced by the oxygen adsorption at low temperature.
Discussion
The first adsorption mechanism evidenced from the experiment, relies in the weakness of the The preferential adsorption sites are deduced from the combined analysis of XPS core levels and DFT simulations. There are no studies reporting on similar systems but analogies can be drawn based on N 1s and C 1s binding energies. Whereas BE of about 401 eV is found for N atoms chemically bound to oxygen, the BE falls around 399 eV [43] [44] [45] for N atoms in the vicinity of carbonyl groups, suggesting such kind of proximity in our system. In the case of the C 1s spectrum the additional peak can be related to a C-O bond in polymers, in small molecules or on graphite 40,42,46-50 but again, no literature could be found on this specific or closely related systems. Therefore, the analysis of the BE in the XPS data suggest the adsorption of the oxygen molecule close to carbon atoms, and most likely the pyrrolic carbon atoms, since N 1s is largely affected. This finding is supported by our DFT calculations for which the two adsorption geometries presenting the larger changes in BE are obtained for oxygen molecules adsorbed near or on a pyrrole ring. However, our DFT results do not address the attachment of more than one O 2 molecule at one LuPc 2 which may cause slight changes in the adsorption energies. Because the XPS measurements detect large shifts in both N 1s and C 1s resonances due to O 2 adsorption, which was not seen in the simulated XPS for the most stable adsorption site computed (a), it can be assumed that other effects (e.g. vibrations) prevent the structure a) from being the most stable structure or/and that several O 2 molecules can adsorb on one LuPc 2 simultaneously, molecules in a) configuration leaving the experimental spectra unaffected. Then, other structures must be present on the LuPc 2 to account for experimental findings. In this regard, structures c) and e) give qualitative agreement between computed and experimental XPS changes. Moreover, the adsorption energies of c) and e) are only slightly larger than for a), i.e. 50 and 60 meV, respectively. The tilt of molecules in the stacking with respect to the surface could also play a role in the reaction making the configuration (f) accessible to oxygen molecules for an edge-on orientation of the molecules. Unfortunately, this configuration is not expected to lead to an additional feature in the XPS spectrum and more appropriate measurements such as transport would be more relevant to evidence the influence of the stacking on the reactivity.
Therefore, it can be concluded that at least one of these configuration is present in the experiment and that O 2 is adsorbed in the vicinity of the pyrrole ring.
A detailed understanding of the electronic structure derived from the XPS and NEXAFS measurements can be drawn. Looking more carefully at the zoom of the IPP NEXAFS in the Figure 4 (B), a new peak arises at PE (Photon Energy) of 398.9 eV, separated by 0.8 eV from the first π * resonance at 398.1 eV is observed for increasing oxygen doses. Furthermore the intensity of the second π at 400 eV resonance increases with respect to the first π resonance. This inversion in the intensities after the O 2 exposition can not be explained by a slight tilt of one of the C-N bond after the oxygen adsorption since in the OPP no changes are seen in the ratio between the second π at 400 eV and the first σ transition at 406 eV for the spectra collected before and after the exposition to oxygen. Instead, as the NEXAFS peaks intensity is strongly dependent on the occupancy of the final state orbitals and their energy density, this is probably an evidence of charge withdrawal 51 from the molecule to the oxygen. The effect is clearly seen in the IPP but not in the OPP (see Figure 4 (A)), and it has to be remembered that in this polarization the two π * resonances can be attributed to different N atoms: the first one is mostly due to N azabridge →LUMO, while the second one is mostly due to N pyrrolic →LUMO. 25 This finding is reinforced by the intensity and the BE of the additional component in the N 1s spectra (Figure 2 spectrum (N3) ), which suggests a strong charge withdrawal from the N atoms due to the spatial proximity. Both XPS and NEXAFS strongly suggest a charge withdrawal from the pyrrolic nitrogen, where most of the LUMO is localized. The nature of the additional component that appears at 398.9 eV can be understood by a combined interpretation of the XPS and NEXAFS spectra and is depicted by the diagram in Figure 5 . It is assigned to the same transition N 1s → π * as the other two resonances, but from the nitrogen atom close to the oxygen adsorption site (illustrated by violet arrow and responsible for the N+O component in the XPS spectrum).
The oxygen adsorption lifts the degeneracy between the 8 equal pyrrolic nitrogens, as shown by the additional peak in the XPS spectrum, which is relative to a chemically inequivalent N atom, giving rise to an additional transition in the NEXAFS spectrum. This effect was already shown by Solomon and coworkers on a similar system. 52 The lower energy (PE) of the additional peak in the NEXAFS spectrum with respect to the energy (BE) of the N+O component in the XPS spectrum might be due to the better screening of the final state in the NEXAFS process which retains the electron around the molecule, allowing it to still screen the core hole.
29 Surprisingly, the physisorption of molecular oxygen induces a reversible charge transfer from the nitrogen atom of the pyrrolic group to the oxygen. Such intriging behavior would require further calculations to fully understand the underlying mechanisms.
Conclusion
Thanks to a combined theoretical and experimental investigation, we are able to draw a microscopic picture for the adsorption of molecular oxygen on LuPc 2 film. We demonstrate that double-decker phthalocyanines of lutetium are poorly reactive to molecular oxygen and appears as a high tolerant organic molecules leaving the Lu ion unaffected by the process.
The experimental XPS data supported by computed XPS carried out for the first time on individual molecules, confirm that oxygen molecules weakly physisorb nearby the pyrrolic nitrogen of the ligand plateau.
The high tolerance of double-decker phthalocyanine towards molecular oxygen can open promising perspectives for the design of novel materials to be applied in the next generation of organic based electronic devices operating under ambient conditions.
